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Summary
Objective: This experimental study tests two hypotheses which address outstanding questions in cartilage lubrication: can the friction coefﬁ-
cient remain low under sustained physiological loading conditions? How effective is synovial ﬂuid (SF) in the lubrication of articular cartilage?
Based on theory, it is hypothesized that migrating contact areas canmaintain elevated cartilage interstitial ﬂuid pressurization, thus a low friction
coefﬁcient, indeﬁnitely. It is also hypothesized that the beneﬁcial effects of SF stem from boundary lubrication rather than ﬂuid-ﬁlm lubrication.
Design: Five experiments were conducted on immature bovine femoro-tibial joints, to compare the frictional response under migrating vs sta-
tionary contact areas; the frictional response in SF vs saline; the role of sliding velocity and the role of congruence on the friction coefﬁcient.
Results: Migrating contact area could maintain a low friction coefﬁcient under sustained physiological conditions of loading for at least 1 h. SF
reduced the friction coefﬁcient by a factor ofw1.5 relative to saline. However, interstitial ﬂuid pressurization was far more effective, reducing
the friction coefﬁcient by a factor of w60 relative to equilibrium (zero-pressure) conditions. It was conﬁrmed that SF acts as a boundary
lubricant.
Conclusions: These results emphasize the importance of interstitial ﬂuid pressurization on the frictional response of cartilage. They imply that
the mechanical integrity of cartilage must be maintained to produce low friction in articular joints. The more limited effectiveness of SF implies
that intra-articular injections of lubricants in degenerated joints may have only limited effectiveness on their tribological properties.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
The main function of articular cartilage is to serve as
a bearing material for diarthrodial joints, sustaining rela-
tively large loads while providing low friction and wear.
In recent years the mechanism of articular cartilage lubri-
cation has been shown to depend signiﬁcantly on the
pressurization of the cartilage interstitial water1, which
supports most of the joint contact load and helps to shift
it away from the collageneproteoglycan matrix, thereby
producing a low friction coefﬁcient1e4. This mechanism
has been variously called ‘self-pressurized hydrostatic
lubrication’2 or ‘biphasic lubrication’3. A complementary
mechanism considered in the literature has been the
boundary lubrication of the articular surfaces by special-
ized molecules found in synovial ﬂuid (SF)5, such as lubri-
cin6e9, hyaluronic acid10e13, surface-active phospholipids
(SAPLs)14,15, or a combination thereof16e18. It has been
proposed that molecules present in the superﬁcial zone
of articular cartilage may also contribute to boundary lubri-
cation, such as superﬁcial zone protein (SZP)19e22 which
is homologous to lubricin23,24, and the chondroitin sulfate
of proteoglycans25e27.*Address correspondence and reprint requests to: Dr Gerard A.
Ateshian, Ph.D., Department of Mechanical Engineering,
Columbia University, 500 West 120th Street, 220 SW Mudd, MC
4703, New York, NY 10027, United States. Tel: 1-212-854-8602;
Fax: 1-212-854-3304; E-mail: ateshian@columbia.edu
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1220From studies of cartilage mechanics , it is known that
interstitial ﬂuid pressurization subsides over time under
loading conﬁgurations of creep or stresserelaxation29,30.
Therefore, under these testing conﬁgurations, the friction
coefﬁcient of articular cartilage has been shown to increase
progressively with time1e3,25,26,31, reaching relatively ele-
vated equilibrium values which may be detrimental to nor-
mal joint function. The time to reach this equilibrium value
increases quadratically with the path length for ﬂuid ﬂow
from high-pressure to low-pressure regions, thus linearly
with the size of the contact area32.
A question which remains unanswered is whether the
friction coefﬁcient might similarly rise to elevated values
under in situ conditions, or whether physiological loading
conditions in joints might promote sustained interstitial ﬂuid
pressurization that always maintains a low friction coefﬁ-
cient. In a recent study33, we explored the hypothesis
that dynamic loading might repeatedly pressurize the tissue
and sustain low friction indeﬁnitely, but found from theory
and experiments that the mean response of interstitial ﬂuid
pressurization eventually subsides, and the friction coefﬁ-
cient concomitantly rises; thus, sustained dynamic loading
could not explain how the friction coefﬁcient might remain
low under physiological loading conditions. In the current
study, we explore an alternative hypothesis motivated by
our earlier theoretical study of rolling and sliding contact
in diarthrodial joints34. According to this theory, a loading
conﬁguration which promotes migration of the contact
area maintains elevated interstitial ﬂuid load support
1221Osteoarthritis and Cartilage Vol. 16, No. 10indeﬁnitely, as long as the migration speed is sufﬁciently
high. On this basis, the friction coefﬁcient should remain
low under these conditions. To test this hypothesis, we
conduct frictional measurements using testing conﬁgura-
tions of glass against cartilage, where the contact area is
either migrating or stationary. We also perform more phys-
iologically relevant experiments of cartilage against carti-
lage, where the contact area is migrating.
While the inﬂuence of interstitial ﬂuid pressurization on
the frictional response of articular cartilage has been estab-
lished unequivocally1, the relative contribution of boundary
lubrication by various molecular constituents of SF remains
unexplored. In the current study, we also test the hypothe-
sis that SF contains a boundary lubricant that can signiﬁ-
cantly reduce the friction coefﬁcient of articular cartilage,
but that this reduction in friction is much less signiﬁcant
than that resulting from interstitial ﬂuid pressurization.Material and methods
Five sets of experiments were performed in this study, to test the main
hypotheses as well as two corollary hypotheses (Table I). Experiments E1
and E2 served to test the ﬁrst hypothesis by comparing the frictional re-
sponse in migrating vs stationary contact areas (SCAs). Experiment E3
served to test the second hypothesis regarding the role of SF, by compar-
ing its effects to physiological buffered saline (PBS). Experiment E4 was
used to test a corollary to the ﬁrst hypothesis, that sub-physiological
sliding velocities in a migrating contact area (MCA) conﬁguration defeat
interstitial ﬂuid pressurization and increase the friction coefﬁcient. Experi-
ment E5 was used to test another corollary, that decreasing congruence
(smaller contact regions) compromises interstitial ﬂuid pressurization by
providing a shorter pathway for the ﬂuid to escape from beneath the
loaded region, thereby increasing the friction coefﬁcient under a migrating
contact conﬁguration.TESTING CONFIGURATIONSFor MCA, a femoral condyle was slid against the matching tibial plateau of
a meniscectomized immature bovine knee joint to produce an MCA on both
articular surfaces [Fig. 1(a)]. To preclude confounding interpretations from
comparing cartilageecartilage MCA results against cartilageeglass SCA re-
sults, cartilageeglass MCA tests were also performed by sliding a convex
glass lens against the same tibial plateau [Fig. 1(b)]. Finally, to promote
SCA, either the femoral condyle was slid against a ﬂat glass slide [experiment
E1, n¼ 6 specimens, Fig. 1(c)], or a cylindrical plug of cartilage was excised
from the tibial plateau and slid against a ﬂat glass slide [experiment E2, n¼ 6,Table
List of experiments and deta
Experiment Lubricant n Test Duration
E1 PBS 6 MCA: condyle on tibia 3600
MCA: glass lens on tibia
SCA: condyle on glass slide
E2 PBS 6 MCA: condyle on tibia 3600
MCA: glass lens on tibia
SCA: glass slide on tibial plug
E3 PBS 6 MCA: condyle on tibia 900
SCA: glass slide on tibial plug* 7200
SF 6 MCA: condyle on tibia 900
SCA: glass slide on tibial plug* 7200
E4 PBS 6 MCA: condyle on tibia 4200
420
420
420
E5 PBS 6 MCA: condyle on tibia 900
MCA: glass lens on tibia
MCA: glass lens on tibia
*Logarithmic time increments between sliding cycles.Fig. 1(d)]. These two alternatives were used to eliminate any confounding
effects resulting from ﬂuid-ﬁlm lubrication, which may arguably occur in the
condyle against glass and condyle against tibial plateau conﬁgurations.
To test the effect of SF vs PBS (experiment E3), two of the testing conﬁg-
urations used in experiment E2 [Fig. 1(a) and (d)] were employed for sam-
ples tested with mature bovine SF, or with PBS. Separate specimens were
used for the two lubricants (n¼ 6 for each), to avoid lubricant cross-
contamination.
According to our earlier theoretical study of rolling and sliding contact of
articular layers34, the magnitude of interstitial ﬂuid load support is predicted
to be greatest when the rolling or sliding velocity is signiﬁcantly greater
than the characteristic diffusive velocity of interstitial ﬂuid within the cartilage.
This regime can be expressed as PeZ1, where Pe is the Peclet number rep-
resenting the ratio of convective velocity (the velocity of the MCA) to diffusive
velocity (the velocity of interstitial ﬂuid ﬂow relative to the solid matrix). When
Pe¼ 1, the interstitial ﬂuid pressurization is negligible. In the transition re-
gime, the interstitial ﬂuid load support increases with increasing Pe. Conse-
quently, a corollary to the ﬁrst hypothesis is that the friction coefﬁcient should
increase as Pe decreases. This hypothesis is tested in experiment E4
(n¼ 6), using the condyle on tibia conﬁguration of Fig. 1(a).
Another prediction of the theory is that interstitial ﬂuid load support in-
creases with increasing joint congruence, leading to the second corollary
hypothesis that the friction coefﬁcient should decrease with increasing con-
gruence. This hypothesis is tested in experiment E5 (n¼ 6), using the natural
condyle as well as convex lenses of various curvatures against the tibial
plateau [Fig. 1(a) and (b)].SPECIMEN PREPARATIONFresh bovine calf knee joints (1e3 months old) were obtained from a local
abattoir and dissected within 24 h of sacriﬁce. The medial and lateral sides
were separated, producing two specimen pairs. Specimens were stored in
PBS containing protease inhibitors (PIs) (Complete Cocktail Tablet, Roche
Applied Science, Indianapolis, IN, USA) at 4C, refreshed daily, for no longer
than 3 days before testing. For SCA tests, full thickness osteochondral plugs
(4 mm diameter) were harvested from the center of the tibial plateau, micro-
tomed to remove the bony side, leaving a plug thickness of w2 mm with its
articular cartilage intact.
SF, needed in experiment E3, was aspirated from ﬁve adult bovine wrist
joints, examined visually for potential blood contamination, and stored for no
longer than 2 months at 20C.TESTING APPARATUS AND PROTOCOLThe friction testing apparatus was described in detail in our previous
study35. Brieﬂy, friction measurements are performed using reciprocal trans-
lating motion via a computer-controlled translation stage. A constant normal
load is applied on the specimen via load feedback control, using a voice coil
actuator. The vertical and horizontal loads, Fz and Fx, are measured with
a multi-axial load cell. The vertical displacement uz of the load actuator isI
ils of testing protocols
(s) Load (N) Translation (mm) Velocity (mm/s) Lens radius
6.3 10 1 N/A
10 18 mm
4 N/A
6.3 10 1 N/A
10 18 mm
4 N/A
6.3 10 1 N/A
4 1* N/A
10 1 N/A
4 1* N/A
6.3 10 0.005 N/A
0.05
0.5
5
6.3 10 1 N/A
6.5 mm
13 mm
Chamber
Cartilage plug
± 4.5 mm
6.3 N
Glass lens
± 10 mm
6.3 NFemoral condyle
± 10 mm
Migrating Contact Area
6.3 N
Femoral condyle
± 10 mm
6.3 N
Flat glass
Stationary contact area
Tibial plateau
a b
c d
Fig. 1. (a) MCA e femoral condyle against tibial plateau; (b) MCA e convex glass against tibial plateau; (c) SCA e femoral condyle against ﬂat
glass; (d) SCA e cartilage plug against ﬂat glass.
1222 M. Caligaris and G. A. Ateshian: Effects of sustained interstitial ﬂuid pressurizationmeasured with a linear variable differential transformer (LVDT), while the
horizontal displacement ux of the translation stage is prescribed.
The duration of each test, applied load, range of motion of the translation
stage, translation velocity, and lens radius (where applicable) are summa-
rized in Table I. As multiple tests were performed on the same specimen,
a period of recovery from loading was allowed between consecutive tests,
equal to the preceding testing duration.
When using PBS as the lubricant, the entire specimen was immersed in
solution. When using SF, full immersion was feasible only when testing the
cylindrical plug. When testing condyle on tibia, a layer of SF was initially
laid on the contacting surfaces such that a meniscus of SF was clearly visible
between the surfaces. Throughout the duration of the test (15 min), w1 ml
SF was injected in and around the contact region, at constant intervals
(3 min), to ensure a constant presence of lubricant; this conﬁguration is
more representative of in situ conditions, since diarthrodial joints typically
contain only a few millilitre of SF. The rest of the femoral condyle and tibial
plateau were maintained moist using gauze soaked in PBSþPI, carefully
placed not to interfere with the contact.CALCULATION OF THE FRICTION COEFFICIENTF
x
F
z
F
n
F
tFor the SCA tests the contact area was planar and perpendicular to the
loading direction, so that the effective friction coefﬁcient meff could be calcu-
lated from the average of Fx/Fz over each reciprocating cycle. For MCA tests,
the contact area was non-planar and its average unit normal vector deviated
from the vertical throughout the reciprocating sliding motion. The vertical and
horizontal forces measured by the load cell were transformed into normal
(Fn) and tangential (Ft) forces using the trigonometric relations:
Ft ¼Fx cos qþFz sin q
Fn ¼ Fx sin qþFz cos q
The angle q (Fig. 2) was obtained from the slope of uz vs ux, using suitable
smoothing to minimize the noise inherent in numerical differentiation of rawTable II
Results for experiment E1
meff Initial Steady-state
MCA: condyle on tibia 0.024 0.012 0.016 0.011*
MCA: glass lens on tibia 0.034 0.005 0.024 0.010*
SCA: condyle on glass slide 0.014 0.005 0.214 0.039y
*P< 0.005 MCA vs SCA.
yP< 0.005 initial vs steady-state.data. The friction coefﬁcient was then calculated from the average of Ft/Fn
over each reciprocating cycle.
Two representative values were identiﬁed from meff-vs-time curves (Fig. 3)
for the purpose of statistical analyses: The friction coefﬁcient upon initial con-
tact (called m0 for MCA tests and mmin for SCA tests), and the steady-state
friction coefﬁcient (called mMCA for MCA tests and meq for SCA tests).STATISTICAL ANALYSISTwo-way analysis of variance (ANOVA) with repeated measures was
used to compare values of the initial and steady-state friction coefﬁcient
(two levels) among the testing conﬁgurations (three levels) in experiments
E1 and E2 (Table I); repeated measures were used because the same joint
specimen was involved in all measures. In experiment E3, three-way
ANOVA was used to compare the initial and steady-state coefﬁcients (two
levels and repeated measures), the testing conﬁgurations (two levels and re-
peated measures) and lubricant (two levels and non-repeated). One-way
ANOVA was used to test the effect of velocity (four levels and repeated mea-
sures) in experiment E4 and the effect of congruence (three levels and re-
peated measures) in experiment E5. In all cases, a was set to 0.05 and
statistical signiﬁcance was accepted for P< 0.05; post hoc testing of the
means was performed with Bonferroni correction (SAS 9.1, Cary, NC, USA).Direction of Motion
Fig. 2. Schematic detailing the components of the contact force in
the load cell’s xez frame, and in a normaletangential frame to
the contact interface.
0.00
0.10
0.20
0.30
0 1000 2000 3000 4000
t (s)
SCA: Condyle on glass slide
MCA: Glass lens on tibia
MCA: Condyle on tibia
µ0
µmin
µeq
µMCA
Fig. 3. Time-dependent response of the effective friction coefﬁcient,
meff, averaged over all specimens, in experiment E1, which com-
pares the outcome of MCAs vs SCAs. All three testing conﬁgura-
tions are shown. Standard deviations are reported in Table II.
1223Osteoarthritis and Cartilage Vol. 16, No. 10ResultsEXPERIMENT E1When testing the femoral condyle against the tibial pla-
teau (MCA conﬁguration), the friction coefﬁcient meff was
found to decrease slightly from its initial value m0, then re-
mained constant for the entire duration of the test (3600 s)
(Fig. 3). This constant value was averaged to yield mMCA
(Table II). The same behavior was observed for the glass
lens on the tibial plateau. In contrast, for the femoral con-
dyle against the glass slide, meff increases monotonically
over time, from a minimum value mmin to a (near-)equilibrium
value meq (Fig. 3). mmin was found to be signiﬁcantly smaller
than meq in the SCA test (Table II). When comparing MCA
and SCA tests, mMCA was signiﬁcantly smaller than meq
(Table II).EXPERIMENT E2The results of experiment E2 (Table III) were nearly iden-
tical to those of experiment E1, showing the same temporal
behavior (Fig. 3) for all three testing conﬁgurations. Though
the SCA conﬁguration in experiment E2 measured friction
between a glass slide and a cylindrical cartilage plug
from the tibial plateau, the temporal response (not shown)
and the values of mmin and meq were comparable to those
for the femoral condyle against a glass slide (Table II vs
Table III).EXPERIMENT E3Based on the MCA results of experiments E1 and E2,
which showed a constant value of meff after approximately
1 min of loading (Fig. 3), it was determined that the MCATable III
Results for experiment E2
meff Initial Steady-state
MCA: condyle on tibia 0.018 0.003 0.015 0.003*
MCA: glass lens on tibia 0.028 0.004 0.030 0.003*
SCA: glass slide on plug 0.010 0.008 0.189 0.51y
*P< 0.005 MCA vs SCA.
yP< 0.005 initial vs steady-state.tests of experiment E3 could be conducted over a shorter du-
ration (900 s) without compromising their value. When com-
paring lubricants, no statistical difference was observed in
the MCA tests (P¼ 0.085, Table IV). The SCA tests showed
virtually the same temporal response for PBS and SF, as
shown in the plot of meff/meq (Fig. 4), though both mmin and
meq were signiﬁcantly smaller in SF than PBS (Table V).
The effectiveness of lubrication by SF vs PBS was as-
sessed from the ratios (meff)PBS/(meff)SF in the initial and
steady-state conditions (Tables IV and V). The effectiveness
of lubrication by interstitial ﬂuid pressurization was assessed
from meff/mmin (Table V), since it has been established exper-
imentally that mmin is achieved when the interstitial ﬂuid load
support is greatest, and meq when the pressure has reduced
to zero1.
The average creep deformation of the cartilage at steady-
state was much smaller under the MCA conﬁguration
(0.097 0.034 mm in SF and 0.083 0.036 mm in PBS)
than the SCA conﬁguration (1.16 0.05 mm in SF and
1.25 0.20 mm in PBS). Note that the values for MCA rep-
resent the deformation of two juxtaposed articular layers,
whereas those for SCA represent the deformation of a single
cartilage plug, further emphasizing the disparity in creep
deformation between the two testing conﬁgurations.EXPERIMENT E4The duration of MCA tests in this experiment was suitably
increased for the slower translation velocities (Table I), in
order to complete at least one full reciprocating cycle at
the lowest velocity (5 mm/s). A plot of mMCA vs Pe is pro-
vided in Fig. 5, along with statistical differences. The Peclet
number was calculated from Pe ¼ Vh=HþAk34,36, where h is
the cartilage thickness (estimated at w2 mm), HþA is the
tensile equilibrium aggregate modulus (estimated at
w13 MPa)36 and k is the hydraulic permeability (estimated
at w6 1016 m4/N s)36. mMCA was found to be lowest at
the two highest values of Pe, and increased signiﬁcantly
with decreasing Pe (P< 0.0001).EXPERIMENT E5No statistical difference was observed in mMCA between
the natural condyle and glass lenses of varying radii of
curvature (P¼ 0.24), though a trend of increasing friction
with decreasing congruence was observed in the mean
response (Fig. 6).DiscussionMIGRATING VS STATIONARY CONTACTThe ﬁrst hypothesis of this study was that MCAs can sus-
tain a low friction coefﬁcient for long durations, in contrast to
earlier ﬁndings which have shown that the friction coefﬁcient
rises to elevated values over time. This hypothesis wasTable IV
MCA results for experiment E3
MCA m0 mMCA
PBS 0.038 0.017 0.022 0.010
SF 0.032 0.008 0.015 0.004
(meff)PBS/(meff)SF 1.2 1.5
P¼ 0.085 SF vs PBS; P¼ 0.58 m0 vs mMCA.
0.0
0.5
1.0
0 2400 4800 7200
t (s)
PBS
SF
µ
eff
µ
eq
Fig. 4. Time-dependent response of the effective friction coefﬁcient,
normalized by its equilibrium value, meff/meq, in PBS vs SF, aver-
aged over all specimens in experiment E3 which examines bound-
ary lubrication by SF.
0.0
0.1
0.2
1 10 100 1000 10000
µ
MCA
Pe
A
B
C C
Fig. 5. Steady-state friction coefﬁcient under MCA, mMCA, as a func-
tion of the Peclet number, in experiment E4 which examines the
effect of sliding velocity. Signiﬁcant differences are represented
by distinct letters (P< 0.0001).
0.02
0.03
0.04
MCA
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that interstitial ﬂuid pressurization remains elevated under
steady-state rolling or sliding contact, and our experimental
study which established that high interstitial ﬂuid pressuriza-
tion correlated with low friction1. Additional motivation for
this hypothesis was the observation that the normal function
of diarthrodial joints always promotes MCAs, as demon-
strated in experimental studies of articular contact during
normal activities of daily living (e.g., the tibiofemoral37,38,
patellofemoral39,40, glenohumeral41, trapeziometacarpal42,
tibiotalar43,44, and hip joints45).
The results of the current study strongly support this hy-
pothesis, by showing that the friction coefﬁcient under
MCAs remains low and essentially constant for at least
1 h (Fig. 3), with the data suggesting that this low value
may be maintained nearly indeﬁnitely. This outcome re-
mains true whether testing cartilage against cartilage or car-
tilage against glass (Fig. 3). The theoretical basis for this
result is that a contact area which migrates at speeds signif-
icantly faster than the diffusive velocity of the interstitial ﬂuid
allows little time for the ﬂuid in the loaded region to escape,
and for the interstitial ﬂuid pressure to subside. Therefore
the interstitial ﬂuid pressurization remains high at all times
under the MCA. This interpretation is supported by the
observation that the steady-state creep deformation under
MCA is much smaller than under SCA, implying that the
interstitial ﬂuid pressurization imparts a higher effective
compressive modulus in the former conﬁguration.
Further support for this mechanism comes from experi-
ment E4 (Fig. 5), which shows that the friction coefﬁcient in-
creases with lower values of the Peclet number, in excellent
agreement with the theoretical prediction that the interstitial
ﬂuid load support decreases under these same conditions
(see Fig. 5 in our earlier theoretical study34).Table V
SCA results for experiment E3
SCA mmin meq meq/mmin
PBS 0.0027 0.0011 0.155 0.016y 57
SF 0.0015 0.0003* 0.088 0.008*,y 59
(meff)PBS/(meff)SF 1.5 1.8
*P< 0.05 SF vs PBS.
yP< 0.005 mmin vs meq.In contrast, as reported in earlier studies, an SCA pro-
duces a monotonic increase in the friction coefﬁcient, with
meff reaching the relatively elevated value of w0.2 (Tables
II and III). This increase occurs because the same region
of cartilage is constantly being loaded, allowing ample
time for the pressurized interstitial ﬂuid to escape (either
to the external bath, in the case of the plug, or also to the
surrounding unloaded tissue in the case of the condyle).
A novel outcome of the current study is that the SCA re-
sult remains true regardless of the contact geometry;
whether testing an ovoid-shaped condyle or a ﬂat cylindrical
cartilage plug against a ﬂat glass slide, the result is essen-
tially unchanged. The fact that both produce the same fric-
tional response suggests that ﬂuid-ﬁlm lubrication, which is
normally promoted by a wedge-shaped contact geometry46,
is insigniﬁcant in these tests.
Though not statistically signiﬁcant, the trend of increasing
friction coefﬁcient with decreasing congruence observed in
experiment E5 (Fig. 6) is also consistent with theoretical
predictions; larger radii of curvature produce larger contact
areas (relative to the cartilage thickness), which result in
a longer path for the pressurized interstitial ﬂuid to escape
from the loaded region34. This weak trend between mMCA
and congruence may also explain the (non-signiﬁcant)0.00
0.01
Condyle 13mm lens 6.5mm lens
Fig. 6. Steady-state friction coefﬁcient under MCA, mMCA, for
condyle (w18 mm radius of curvature) against tibia, or glass lenses
(13 and 6.5 mm radii of curvature) against tibia, in experiment E5
which examines the effect of congruence. No signiﬁcant differences
were observed among the three cases (P¼ 0.24).
1225Osteoarthritis and Cartilage Vol. 16, No. 10trend of higher friction for glass lens on tibia vs condyle on
tibia conﬁgurations in experiments E1 and E2, considering
the smaller size of the lens used in these experiments
(Table I).
The hypothesis on the role of MCAs tested here was ﬁrst
proposed in our earlier study of the frictional response of ar-
ticular cartilage using atomic force microscopy (AFM)47. In
that study it was found that the friction coefﬁcient measured
from AFM, using a spherical probe 5 mm in diameter under
an MCA testing conﬁguration, was comparable to meq mea-
sured macroscopically on a cartilage plug under an SCA
conﬁguration. It was proposed from theory that the tiny con-
tact area achieved with AFM resulted in a very small Peclet
number, Pe¼ 1, thus producing negligible interstitial ﬂuid
pressurization. The current study conﬁrms this hypothesis
directly, as shown from experiment E4 (Fig. 5). This same
hypothesis was also investigated computationally by Pa-
waskar et al. in a recent study48, in support of earlier exper-
imental ﬁndings from the same group13.THE ROLE OF SFThe second hypothesis of this study was that SF con-
tains a boundary lubricant that can signiﬁcantly reduce
the friction coefﬁcient of articular cartilage, but that this re-
duction in friction is much less signiﬁcant than that result-
ing from interstitial ﬂuid pressurization. When interstitial
ﬂuid pressurization subsides, all of the contact load across
the joint is supported by the collageneproteoglycan solid
matrix, and the boundary lubricant serves to reduce the
resulting solid matrix frictional interactions. The results of
experiment E3 strongly support this hypothesis, as may
be deduced from a number of observations. The most di-
rect evidence for an effective boundary lubricant in SF is
the reduction in the equilibrium friction coefﬁcient relative
to PBS (Table V). Since meq represents the friction coefﬁ-
cient in the absence of interstitial ﬂuid pressurization, this
reduction can only be attributed to the different lubricants.
The second observation is that SF does not affect the
temporal response of meff relative to PBS in any funda-
mental way (Fig. 4), which further reinforces our under-
standing that SF does not alter the nature of lubrication
in cartilage. The fact that meff/meq is very similar in both
lubricants (despite the fact that different specimens were
used for each) is consistent with our validated friction
model1, which predicates that the temporal response
results from the time-varying interstitial ﬂuid load support.
Indeed, the effectiveness of SF relative to PBS remains
approximately the same (meff in SF is 1.2e1.8 times
smaller than in PBS, Tables IV and V), whether examining
results from the MCA or SCA tests.
No attempt was made in this study to identify the bound-
ary lubricant in SF, though many candidates have been
proposed in the prior literature, including lubricin49,
SAPLs50, and hyaluronan51; a recent study18 suggests
that the dominant contributors to SF boundary lubrication
are SZP (which is homologous to lubricin23,24) and hyalur-
onan. In a recent study35, it was shown that removal of the
superﬁcial zone of immature bovine articular cartilage,
where SZP is localized, did not increase the friction coefﬁ-
cient of cartilage against glass, when all testing was per-
formed in PBS. When combined with the results of the
current study and more recent literature ﬁndings18, it
appears that the lubricin (and possibly other molecules)
in SF contributes much more signiﬁcantly to boundary
lubrication than the SZP present in the superﬁcial zone of
immature cartilage.It is also evident from the results of experiment E3 that in-
terstitial ﬂuid pressurization is far more effective at reducing
the friction coefﬁcient of articular cartilage than the bound-
ary lubricant found in SF. This observation is deduced
from the fact that mmin is nearly 60 times smaller than meq,
whether in PBS or SF (Table V); this reduction is entirely
due to interstitial ﬂuid pressurization1.
This result has very signiﬁcant ramiﬁcations in relation to
our understanding of cartilage lubrication, as well as treat-
ment modalities for osteoarthritic joints. The most obvious
consequence of this observation is that the integrity of the
cartilage layer is critical to its normal function as a bearing
material. Any degradative mechanism which compromises
cartilage interstitial ﬂuid pressurization, such as enzymatic
degradation52 or matrix ﬁbrillation, may signiﬁcantly com-
promise its frictional properties25,26. Once the cartilage
has degraded, intra-articular injections of putative lubri-
cants, such as hyaluronan, cannot practically compensate
for the loss of interstitial ﬂuid load support. Consequently,
treatment modalities for degenerative joint disease should
attempt to repair the articular cartilage using, for example,
tissue engineering approaches which attempt to recover
the mechanical properties of the native tissue.
Several earlier studies have shown that SF lubricates bet-
ter than saline3,31,53,54, though the effectiveness of SF
reported in these studies has been somewhat variable.
When testing cartilage against cartilage, Forster and
Fisher3 ﬁnd an effectiveness ofw1.2 for their start-up coef-
ﬁcient after 45 min of loading (similar to meq), consistent with
the current study. Schmidt and Sah54 ﬁnd a higher effective-
ness of w5 in their measurement of the kinetic coefﬁcient
(comparable to mMCA); this difference with the results of
the current study can be attributed primarily to the higher
value of their friction coefﬁcient measured in PBS (w0.08
in their study vsw0.02 here). This relatively minor discrep-
ancy could be attributed to the difference in testing conﬁgu-
ration or source of materials between the studies; it does
not detract from the main conclusion that boundary lubrica-
tion by SF is far less effective than the effect of interstitial
ﬂuid pressurization.ROLLING RESISTANCEAn interesting outcome of the experiments of this study is
that the minimum friction coefﬁcient achieved in SCA testing
conﬁgurations, mmin, can be signiﬁcantly smaller than that
achieved in MCA conﬁgurations, mMCA (see Fig. 3, and for
example mmin in Table V vs mMCA in Table IV, P< 0.0001).
There is no theoretical basis to suggest that the peak inter-
stitial ﬂuid pressurization in these two conﬁgurations should
differ substantially34,36. Therefore the most likely mecha-
nism appears to be the ‘rolling resistance’55e57 arising
from the ﬂow-independent viscoelastic energy dissipation
of the deforming cartilage layers58e62.
An interesting consequence of this observation is that the
friction coefﬁcient in situ may not be as low as intimated by
the values of mmin obtained here (as low as 0.0015 in SF).
The more representative value is likely given by mMCA,
w0.015 in SF, a respectably low value for the friction coef-
ﬁcient, though 10 times higher than mmin.Conclusion
From our perspective, this study settles two important
outstanding questions in cartilage lubrication. First, it shows
that a low friction coefﬁcient can be sustained nearly
1226 M. Caligaris and G. A. Ateshian: Effects of sustained interstitial ﬂuid pressurizationindeﬁnitely under normal physiological loading conditions
where the contact area migrates along the articular sur-
faces. This ﬁnding assuages any concerns that might
have arisen from examining testing conﬁgurations where
an SCA produces elevated friction under equilibrium condi-
tions. It is now possible to ascertain that interstitial ﬂuid
pressurization is responsible for reducing the friction coefﬁ-
cient of articular cartilage under physiological conditions.
Second, this study shows that the effectiveness of SF
stems from a boundary lubricant, not from ﬂuid-ﬁlm lubrica-
tion. This boundary lubricant reduces the friction coefﬁcient
by a factor of w1.5 relative to PBS. However, interstitial
ﬂuid pressurization is far more effective, reducing the fric-
tion coefﬁcient by a factor of w60 relative to equilibrium
conditions. Therefore, the integrity of the cartilage layer
must be maintained in order to produce low friction in artic-
ular joints, and intra-articular injections of lubricants may
have only limited effectiveness on tribological properties.Conﬂict of interest
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